As thin films become increasingly popular (for solar cells, LEDs, microelectronics, batteries), quantitative morphological and crystallographic information is needed to predict and optimize the film's electronic, optical and mechanical properties. This quantification can be obtained quickly and easily with X-ray diffraction using an area detector in two simple sample geometries. In this paper, we describe a methodology for constructing complete pole figures for thin films with fiber texture (isotropic in-plane orientation). We demonstrate this technique on semicrystalline polymer films, self-assembled nanoparticle semiconductor films, and randomlypacked metallic nanoparticle films. This method can be immediately implemented to help 2 understand the relationship between film processing and microstructure, enabling the development of better and less expensive electronic and optoelectronic devices.
Introduction
The optical and electronic properties of polycrystalline and semicrystalline materials are highly dependent on the materials' morphology. When these properties are anisotropic in the single crystal form, the corresponding bulk properties of the poly-or semi-crystalline material are often dependent upon the orientation distribution of the crystallites. 1 As efforts are made to optimize the electrical and optical properties of functional, solution-processed polycrystalline films used for thin film transistors, solar cells, and other emerging technologies, it is necessary to fully characterize the orientation distribution, or texture, of the crystallites. There has been much effort devoted to correlating the microstructure and properties of thin films (<100 nm) of nanostructured organic semiconductors [2] [3] [4] [5] [6] [7] and inorganic semiconducting nanoparticles 8, 9 , but the collection of complete texture information is often challenging due to the limited film thickness.
In this work, we introduce an X-ray diffraction-based method for collecting and constructing quantitative pole figures with an area detector for thin films with isotropic crystallographic orientation in the substrate plane (classically referred to as fiber texture). The technique is rapid and ideal for thin films that are sensitive to beam damage, diffract weakly or are otherwise limited by their thin film form to certain diffraction geometries.
A pole figure is a plot of the orientation distribution of a particular set of crystallographic lattice planes, providing a useful illustration of a material's texture. Traditional pole figures of bulk samples can be collected in either reflection or transmission mode. Pole figures collected in a reflection mode utilize a symmetric geometry introduced by Schultz [10] [11] [12] . In this technique, diffraction intensities are collected using a point detector as the sample is rotated along two axes.
Accurate collection of intensity in the Schultz geometry is generally limited to within 85° of the surface normal, due to distortions that arise at the substrate edge. Transmission techniques [13] [14] [15] are feasible, but require either intensity corrections or special sample shapes, and in general cannot be used for thin films for which the substrate absorbs the X-rays. Whether dealing with reflection or transmission geometries, collection with a point detector across such a large slice of the reciprocal lattice space is time-intensive, especially for thin films. The use of an area detector facilitates more rapid collection of intensity across a large section of reciprocal space, greatly decreasing total acquisition time. Area detectors are commonly used with transmission-based geometries, allowing for the simultaneous collection of Debye-Scherrer rings from multiple Bragg reflections 16, 17 . The use of flat area detectors in combination with reflection geometries for thin films results in some image distortions, making quantitative analysis difficult. Many research groups have reported useful, but mostly only qualitative, texture data of delicate thin films collected using grazing incidence synchrotron radiation with an area detector 5, 8, [18] [19] [20] [21] [22] [23] [24] .
In the work presented here, we perform the diffraction experiments with a synchrotron radiation light source. The high photon flux of synchrotron radiation allows for efficient diffraction measurements of materials whose low crystal symmetry, small scattering cross section, or high beam sensitivity limits the characterization that is possible with an in house, labbased source due to low signal to noise ratios 25 . Even for samples for which the aforementioned 4 limitations do not apply, the use of high flux synchrotron radiation greatly reduces collection time required, and together with the use of an area detector allows for rapid pole figure collection (minutes rather than hours) 26, 27 . This is becoming a widespread method to collect texture data, and some software has been developed to calculate pole figures from Debye-Scherrer rings collected in transmission 17 .
Few pole figures of thin solution-processed films have been published in the literature. These films often require the support of a rigid substrate and thus cannot be used for transmissionbased diffraction geometries. The weak diffraction often associated with thin solution-cast films further contribute to the difficultly of pole figure data collection. The organic films used for published pole figures are typically limited to thick films on the order of microns 11, 28, 29 or otherwise highly diffracting materials 30 , while functional organic semiconductors are applied as thin films less than ~100 nm, and often diffract weakly (especially semiconducting polymers).
Thin films can have a crystal structure different from the bulk material as well as distinct texture.
Published pole figures collected from solution-processed thin films of inorganic nanoparticles are also limited, due in large part to weak diffraction. Korgel and coworkers have collected small-angle scattering data of organized spherical particles [18] [19] [20] , but similar small-angle work has not been performed on anisotropic nanoparticles. Breiby et al. 8 have published plots representing the orientation distribution of CdS nanorods in the plane of the substrate, taking advantage of the large beam footprint and interface sensitivity in wide-angle grazing incidence geometry.
However, complete pole figures (biaxial in this case) were not reported and the orientation of nanorods out of the plane of the substrate was found using a model-dependent fit. The ideal pole figure collection technique for texture analysis must be both time efficient and capable of measuring the entire span of crystallite orientations: polar angles, χ, from -90 o to 90 o (see Figure   5 1 for an illustration of diffraction geometry; we assume that the sample is approximately horizontal throughout this paper). The goal of this paper is to elucidate an efficient methodology for the construction of such pole figures for fiber textured thin films. Although we chose to work with synchrotron radiation for time-efficiency, high signal-to-noise ratios, and sample lifetime considerations, this discussion could be applied to diffraction collected with an area detector and an in house, lab-based source, provided the polarization correction was modified according to the source used 31 .
Obtaining a complete, accurate thin-film pole figure
We present a method of pole figure compilation for thin films with a fiber texture, where the crystallite orientation distribution is isotropic in the plane of the substrate, using synchrotron radiation and an area detector. This involves two separate measurements: one in grazing incidence geometry and one with the geometry locally satisfying the specular condition. Using a grazing incidence X-ray beam for diffraction greatly increases the signal to noise ratio by increasing the X-ray path length through the film, allowing for accurate intensity collection from weakly diffracting samples. The large beam footprint also serves to spread the beam power across the sample, resulting in less destructive data collection for radiation sensitive samples.
However, raw intensity collected with a flat detector in grazing incidence geometry is distorted 32 , and the detector image is not a direct map of reciprocal space. This makes it difficult to extract quantitative texture information. By appropriately combining intensity extracted from grazing incidence diffraction patterns with intensity extracted from local-specular diffraction patterns (where the proper choice of incidence angle prevents distortion near the Bragg reflection at hand), we obtain complete pole figures that represent the true intensity of a Bragg reflection 6 across the entire span of polar angle χ (-90 o to 90 o ). This technique is simple, efficient and applicable to any thin film with a fiber texture. The only intensity corrections needed are for polarization and X-ray absorption (which is often negligible for thin films). This method can be immediately implemented to better understand the relationship between film processing and microstructure, enabling the development of solution-processed and inexpensive electronic and optoelectronic devices.
The assumptions made in this work are that (a) the sample has an isotropic crystallite orientation distribution in the plane of the substrate (i.e., has a fiber texture), or fiber texture is artificially created by rotating the substrate normal throughout the measurement, (b) the film thickness to be probed does not exceed ~100 nm (with a more exact thickness requirement depending up on the incidence angle as well as the material in question 33 ) and (c) the detector sensitivity is not polarization-dependent. The geometry of the diffraction setup used in this work is detailed in Figure 1 . Throughout our data analysis, we work with Bragg reflections corresponding to one chosen lattice spacing with Bragg angle θ Β and reciprocal lattice vector q B .
The Bragg reflections chosen for analysis have strong intensities, giving high signal-to-noise ratios. If possible, strong peaks that are far from the beamstop, and thus affected less by the air scattering background, are preferable. Software is used to extract the Bragg peak intensities as a function of polar angle χ, where χ = 0 coincides with the q z axis (see Supporting Information).
To achieve this, intensity is extracted along an annular region encompassing q B and appropriate background subtractions are made. 
χ-Correction
Images collected with a grazing incidence geometry and a flat area detector are useful for qualitative analysis, but are not reciprocal space maps. To understand the distortions caused by the flat detector and grazing incidence geometry, it is helpful to imagine a sphere of crystallite orientations in reciprocal space. The radius of this orientation sphere is defined by the q B of interest. The center of this sphere corresponds to q=0 and is placed on the surface of the Ewald sphere at the head of the incoming k vector (See Fig 2) . From this construction, we can see the intersection of these two spheres, corresponding to all observable diffraction in this geometry.
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This figure illustrates the importance of working with a sample that is either isotropic in-plane or rotated about z SRF (sample surface normal) throughout the measurement (effectively creating inplane isotropy). Crystallites with q B near in-plane (Fig 2, vector a) will intersect the Ewald sphere, while those with q B close to perpendicular (Fig 2, vector b) will not intersect the Ewald sphere and thus do not result in observed diffraction. The most vertical orientation that will result in observed diffraction (corresponding to the minimum detectable χ) has a polar angle of θ Β (Fig   2, vector c) Interpretation of this vertical slice as the specular diffraction is thus incorrect, as has been pointed out previously 32, 34 . With this in mind, we collect intensity using an area detector in the grazing incidence geometry, assuring that the incidence angle used is above the critical angle for total external reflection to probe the entire film thickness. From the two dimensional pattern, we extract intensity as a function of χ along an arc with radius q B . The arc used to extract intensity has a width Δq that is chosen to encompass the entire peak. Appropriate background subtractions are made to assure that collected intensity arises from diffraction from the crystallites and not extraneous scattering. This data set serves as the starting point for pole figure compilation, with the understanding that the signal near χ=0 is distorted and is not the true intensity. , which in the grazing-incidence geometry does not result in any observable scattering, and c is the vector denoting off-vertical reciprocal lattice vector which results in pure vertical scattering in the grazing incidence diffraction geometry. The local-specular condition is met when the substrate (and therefore orientation sphere) is tilted at θ Β.
To amend this distortion and move toward a complete pole figure, an additional data set is extracted from a second two-dimensional diffraction pattern, taken with the substrate tilted at an incident angle α = θ Β , such that the pole of the orientation sphere of the Bragg peak intersects the Ewald sphere. We refer to these curves as "local-specular," because of the exact satisfaction of the specular condition near the Bragg peak of interest. This type of scan has been referred to previously as a 'wide-angle rocking curve', since the substrate is rocked into the specular condition 21, 24 ). We compile the full pole figure by appropriately merging the [intensity, χ] data sets extracted from the local-specular diffraction pattern and the grazing incidence diffraction pattern. To determine an appropriate merging angle for these two data sets, we plot intensity vs. A Lorentz correction [36] [37] [38] is required in X-ray geometries that involves either a rotating single crystal or a stationary powder sample. However, in the present case of morphology quantification (as opposed to structural characterization) the data are obtained from a single Bragg ring, which obviates the need for a Lorentz correction.
Polarization Correction
Synchrotron radiation is horizontally polarized, causing diffraction intensities which vary with angle. 31 . To correct for this, we divide collected intensity by the polarization correction factor given in Eq. 1 36, 39 :
Here p h is the fraction of radiation that is polarized in the horizontal direction (typically about 98% for a synchrotron source) and the angles δ and γ correspond to geometry shown in Figure 1. 
Absorbance Correction
The path an X-ray follows through a film is longer at low exit angles than at high angles. If the absorbance of the film is high, this can affect the diffraction intensity data. Assuming a uniform sample absorbance, the expression for the correction is 40, 41 :
where μ is the extinction coefficient (or inverse of the penetration depth at low angles) and t is the film thickness. Note that in many films, this correction is negligibly small. We can express the total intensity correction factor as the product of equations (1) and (2): C f = Cp * Ca.
In summary, we collect two diffraction patterns for each sample: one at grazing incidence and one at an incidence angle satisfying the specular condition. Detector coordinates [x, z] are converted to angles γ and δ, θ Β and χ. This image is used to obtain the intensity versus χ through an annular region at a selected Bragg ring, and any background intensity present is subtracted.
The I(χ) data are corrected for polarization and absorption. The two I(χ) figures are scaled and merged at an angle greater than θ Β but less than an upper bound angle, 60 o , defined by diffraction geometry; the intensity nearest the pole consists of data collected from the local specular diffraction pattern, while the intensity at larger angles of χ corresponds to the diffraction pattern taken at grazing incidence. On the completion of a satisfactory merge, we obtain our final, 12 complete pole figure. The data analysis for this technique can be carried out quickly using WxDiff software 32 .
Some experimental results & technique application
Examples of materials for which this pole figure technique can be readily applied include thin films of nanostructured organic and inorganic semiconductors and nanostructured metallic thin films. For the semiconductors in particular, films are often fabricated via solution processing techniques such as printing, painting, or spray coating. It is useful to be able to quantify crystallite orientation distributions across these multi-parameter film deposition techniques.
Diffraction data and intensity-corrected pole figures for three sample systems are plotted in Figure 3 . These data were obtained on SSRL beam line 11-3 with a MAR345 image plate detector and an X-ray energy of 12.7 keV. For the grazing angle data, the vertical incident beam size was 0.05 mm, and the incidence angles were above the critical angles for the film examined The column on the right shows the complete pole figure, compiled by appropriately combining data from the grazing incidence diffraction patterns (unshaded regions) and the specular diffraction patterns (shaded region.) The specular diffraction patterns are necessary to complete the pole figures: the intensity highlighted in grey is not probed in the grazing incidence geometry and is instead collected in the local specular curves. Note that the intensity shown along q xy = 0 in the grazing incidence images is distorted as described above (e.g., are not truly at q xy = 0) but images are shown in this fashion for simplicity.
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In a film composed of rod-shaped cadmium sulfide nanoparticles (Fig 3A) , electron mobility normal to the film (and therefore device performance) can be improved by vertically orienting the nanorods, making the through-film direction appear as single-crystalline. Such a film of vertically aligned nanorods could offer high performance solar cells or LEDs at a low (solutionprocessed) cost. Our texture analysis method can be used to quantify the degree of vertical orientation in each film, thus allowing optimization of the nanorod deposition process 9 . Strong texture can be observed from both the grazing incidence and local specular diffraction patterns of the film in Figure 3a . The (002) reflection appears with the strongest signal, and corresponds to the long axis of the wurtzite nanorod. The (101) and (100) reflections can also be observed, with angles appropriate for these respective crystal directions in reciprocal space. In principal, any of these reflections could be used to construct a pole figure, but with a lower signal to noise ratio for the (101) and (100). We construct a pole figure by correcting and merging these two diffraction patterns, using the (002) reflection because of its strong intensity. We see a strong preference for vertical (χ=0) orientation of the (002) wurtzite crystal direction (long axis of nanorod), which indicates we have found appropriate processing conditions for our desired film of vertically aligned nanorods.
The electronic performance, namely the field-effect mobility, of thin films of polymer semiconductors has a similar dependence on film microstructure. Semicrystalline semiconducting polymers generally form films with crystallites on the order of 10-15 nm in diameter that are isotropically oriented in the plane of the substrate, with various degrees of ordering in the out of plane direction 3, 21, 23, 24 . The film texture depends strongly on the processing conditions. In the grazing incidence X-ray scattering pattern shown, we see three strong (h00) peaks, which arise from the backbone stacking of the polymers in the direction perpendicular to the substrate. The (010), arising from cofacial molecular stacking in the plane of the substrate, is visible along the horizon of the grazing incidence pattern. For this sample, we chose to compile a pole figure based on the (200) Bragg reflection (because of its strong intensity and distance from the direct beam). From the two diffraction patterns, we constructed a complete pole figure for the (200) Bragg reflection that confirms a strong tendency for out-of-plane texture. By quantifying the orientation distribution using (h00) pole figures, we can indirectly obtain information concerning the misorientation between neighboring crystallites. By comparing pole figures of multiple samples, we can more effectively study how microstructure (and in turn charge transport) changes with processing conditions. The complete pole figures shown in Figure 3b play an important role in film optimization.
In the case of the gold nanoparticle film, the goal was to understand the transformation of discrete particles into continuous metal films. Mechanically stable films can be formed from these particles at temperatures as low as 120 °C, with 70% the conductivity of bulk gold 43 . The texture of these metal films varies with sintering condition, though in the case of gold films, highly textured films are generally not seen. This is not the case for other metal systems such as silver where both (111) textured and untextured films can be produced depending on processing conditions. Because different crystal planes have different work functions, film texture will change the effective film work function. Also in the formation of microelectronic mechanical systems (MEMS), such as cantilevers, the mechanical properties of the films are drastically affected by the orientation of the metal films 44 . Both the diffraction pattern and the pole figure indicate almost no preference in orientation of the gold nanocrystals for this sintering condition, making this a useful control for probing film texture. Note that the data from the local specular condition is much noisier than the grazing data, due to the lower signal that results from a smaller sampling area.
The examples included in this discussion (the semiconducting nanoparticle film, the nanostructured semicrystalline semiconducting polymer and the sintered gold nanoparticle film)
were chosen to illustrate the broad range of our method's utility. This method can be applied to any diffracting thin films with fiber texture. In the cases mentioned, complete pole figures have been a critical tool for the characterization of film structure, giving insight into the effect of various processing conditions.
Conclusion
We have demonstrated a fast and efficient data collection technique using synchrotron radiation and a flat area detector for the characterization of crystallographic orientation for functional thin films, and outlined a method for quantifying film texture by merging two, corrected data sets. In this work, we bring attention to inherent distortions in intensity collected using a flat image plate and discuss the correct factors and data merging techniques needed to use the data in a quantitative manner. The method presented here can serve as a valuable tool in the optimization of microstructure-dependent performance.
